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ON THE RADIATION OF HEAT BETWEEN METALS. 

WITH NUMERICAL RESULTS FOR BRASS 

AND FOR STEEL. 

[Abstract.] 



W. A. Rogers, Ph.D., F.R.M.S., Waterville, Maine. 



In view of the criticisms offered upon my paper on a study 
of the behavior of metals under variations of temperature, 
presented at the last meeting of the society, the experiments 
given in detail in this paper have been repeated during the 
years 1887-8 under a variety of conditions and especially 
under such conditions as would be likely to meet the objec- 
tions urged. As the result of these observations the con- 
clusions reached in 1887 are now distinctly reaffirmed 
under the following limitations and exceptions : 

(a.) The statement that heat may be developed by the 
friction of liquids against the sides of the vessels in which 
they are stirred does not seem to be true to any appreciable 
extent. 

(b.) It is to be understood that all the conclusions 
reached in 1887 relate to the relations obtained from com- 
parisons of the particular standards employed and that the 
results are strictly relative in their character. 

(c.) The statement that the mean temperature of a bar 
of metal may be found with close approximation by taking 
the half sum of the indications of a thermometer placed 
horizontally upon the upper surface of the bar compared, and 
of a thermometer placed in a slot near the center of the bar 
and from which the air is excluded, is understood to be an 
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equivalent to a method of calibration. In the present case 
the second thermometer was placed in a dummy bar, hence 
the actual condition is not exactly the one described. 

The principal result of the present inquiry may be stated 
as follows : 

The relative coefficients of expansion between certain 
bars of bronze, of steel, and of glass, designated respectively 
R 2 , R 3 , and G, are constant for all temperatures between — 5 
and + 92 Fahrenheit, and the relative lengths of these stan- 
dards at 62 Fahrenheit have remained constant since 1884. 

The following subsidary conclusions were reached during 
this investigation : 

(1.) In the comparison of standards of length which 
have considerable mass, the presence of the person of the ob- 
server will produce no sensible effect in increasing their 
length (relatively) within the limits of the accidental errors 
of observation during the time ordinarily required for a com- 
plete comparison. 

(2.) When contact takes place through the hands, be- 
tween the person of the observer and the bars of metal com- 
pared, a nearly instantaneous increase in length takes place, 
which diminishes in a slightly decreasing ratio as long as the 
contact is continued, which ceases instantly when the contact 
is broken. 

(3.) Whenever a change of temperature occurs, the effect 
of the change is indicated by the thermometers which rest 
horizontally upon the upper surface of the bar of metal in ad- 
vance of the actual change in length. 

(4.) The amount by which the indicated reading of the 
thermometer fails to indicate the real temperature of the 
standards compared, varies with their mass and their shape, 
being less for a large (relative) surface area and greater for a 
large mass having equal dimensions in cross section. 

(5.) The systematic errors in question practically dis- 
appear whenever the readings of the thermometers placed 
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upon the surface of the bars remain in agreement with the 
indications of a thermometer supported in air, at the same 
height as the upper surface of the bars of metal, for a period 
of three and one-half hours. 

(6.) The danger of the introduction of systematic errors 
of the class indicated is much greater for slow than for rapid 
changes of temperature, and is also much greater when the 
direction of the flow changes from plus to minus, and vice 
versa, than when it is continuous in the same direction. It is 
this slow but sure movement of the molecules of matter in 
the metals employed, a movement far to subtle to be studied 
in detail with the aid of the most delicate thermometer, but 
whose integration can be accurately measured with the aid of 
the microscope, which produces the apparent variations in 
length between comparisons made at different times of the 
day, and especially at different seasons of the year. 

(7.) Admitting the observed fact that the thermometer 
placed upon the surface of the bars always gives a wrong 
result except at the moment of real equilibrium, it follows 
that the constant tendency of observers is to obtain for the 
length of a given standard at an assumed higher tempera- 
ture, a result which is too small since the observations 
are often made without forethought under a slowly-rising 
temperature. 

(8.) The objection, which without doubt will be made, 
that the temperature should be determined with the ther- 
mometer sunk in the bars of metal employed and surrounded 
with mercury instead of being placed horizontally upon the 
upper surface, is not a valid one. 

(9.) Whenever a constant temperature can be maintained 
for three and one-half hours, the point of complete saturation 
will be so nearly reached that the microscope will fail to 
detect variations in the length of the standards compared. 

(10.) The apparent stationery point, as indicated by the 
reading of the surface thermometer, can be regarded as the 
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real point of equilibrium only when the thermometric 
indications have remained constant for at least three hours. 

(i i.) The error in the determination of the normal relation 
between the standards, due to the more sluggish action in the 
case of the metals, will not be eliminated as long as there is a 
movement of the temperature in the same direction if either 
the surface or the interior temperature be taken alone, but 
will be nearly eliminated when the mean of the two 
indications is taken. 

(12.) After every precaution has been taken, instances 
sometimes occur in which an entire series of observations 
yield results which differ persistently from the normal 
relation, the extent of the deviation not exceeding 3^. 

(13.) The time required to pass from complete saturation 
at one temperature to complete saturation at another 
temperature is nearly as constant. 

(14 ) The time required to pass from complete saturation 
at 0° to complete saturation at i° is nearly the same as the 
time required to pass to complete saturation between the 
limits o° and ioo°. 

(15.) It follows as a consequence of the law given under 
division 14, that the relative specific heat of metals may be 
obtained by comparing the time required for complete satu- 
ration, if the bars of metal compared have the same mass and 
the same shape, since the change in length is a measure of 
the total amount of the work done by the heat which has 
been absorbed by the metal, the emissivity being constant. 

(16.) The law under which changes of length take place 
in bars of metal under the action of a constant supply of heat 
may be expressed by a series under Taylor's Theorem in terms 
of the ascending powers of the time. 

(17.) Under variations of temperature not exceeding two 
degrees per hour, the maximum error possible, arising from 
the failure of the bar of metal to follow the indications of the 
thermometer placed upon its upper surface, is not far from 
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4 jj. in the determination of the relative lengths of the 
bronze and the steel bars, and not far from \Ofi in the 
case of the bronze and the glass bars. 

(17 1 .) The standards compared must remain in the same 
position with respect to each other and with respect to the 
bars upon which they rest throughout the entire series of 
observations under a given condition. 

(18.) The limit of the maximum error, stated in divis- 
ion 17, varies with the mass of the material of which the 
thermometers are constructed. 

(19.) Any thermometer employed to measure the tem- 
perature of the standard bars compared must have its error 
determined under the same conditions as those under which 
the standard thermometer is exposed. 

(20.) Every thermometer employed to measure the tem- 
perature has its individual idiosyncracies, which must be 
studied in detail, independently of its normal relations to the 
primary standard. 

(21.) The practical outcome of this investigation is 
stated as follows : 

(a) The normal dimensions of matter are obtained from 
direct observations, only when it is in a state of approximate 
molecular rest. 

(b) In the comparison of the standards of length, the 
best r suits will be obtained by delaying the observations 
until the standard bars of metal have remained for three and 
one-half hours at a temperature which at no time during this 
interval has changed more than two or three tenths of a 
degree. 

(c) In the comparison of thermometers, the best results 
will be obtained by delaying the observations until they have 
remained for twenty minutes under the condition of open-air 
exposure, while for the condition of contact with the surface 
of metals the indication will be largely controlled by the 
real surface temperature of the metal. 

5 
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The nature of the present investigation will be evident 
from the following outline : 

(a) The corrections to the thermometers employed in 
1885-6—7 have been verified by comparisons with the Signal 
Service standards — Green 1503, Green 6672, and Hicks 
147,122, whose errors have been determined by comparisons 
with an air thermometer. These thermometers were kindly 
loaned for these comparisons by the U. S. Signal Office. 
For low temperatures, the thermometers, which were sus- 
pended upon a revolving reel, were read at a distance of 
sixty feet by means of a telescope of 4^ inches aperture. 
These comparisons number several thousand, and they run 
as low as minus 21° Fahrenheit. 

For higher temperatures, several series of comparisons 
were made under air contacts, water contacts, oil contacts, 
and metal contacts. At no point was the standard previously 
employed found to have an error exceeding O.03 . (6). For 
metal contacts the magnitude of the errors introduced in- 
creases with the extent of the separation between the bulb 
and the surface of the metal upon which the thermometer 
rests horizontally ; hence the bulb should always have a diame- 
ter a little greater than that of the stem. 

(b) The impracticability of using water as a medium in 
liquid contacts with the standard, is shown by demonstrating 
the fact that a thermometer immersed in a shallow vessel 
filled with water and having one surface exposed to the air, 
always reads too low, through evaporation, by amounts varying 
between 1° and 7 Fahrenheit. 

(c) The constancy of the value of the radius of the 
horizontal curvature of the ways of the comparator has 
been demonstrated for all temperatures involved in the 
comparisons. 

Since the bars compared in 1886-7 were placed side by 
side, it became necessary to show that the systematic errors 
found were not due to systematic changes in the radius of 
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curvature of the ways of the comparator with which the 
comparisons were made. 

(d) Under division I f it is demonstrated that the values 
for the relative lengths of the yards and meters R 2 and R 3 
are the same, whether the bars compared are placed upon the 
comparator with their vertical faces in contact, or whether 
they are separated by distances varying between i mm. and 
2 cms., always provided that the comparisons are made when 
there is a near equilibrium of temperature between the bars 
and the surrounding air. 

(e) It is demonstrated that the mean temperature of the 
entire masses of the bars compared is very nearly indicated 
by the half sum of the reading of a thermometer resting hori- 
zontally upon the upper surface of the bars compared, and- of 
a thermometer placed in a slot at a depth equal to half the 
diameter of the bar and from which the outside air is ex- 
cluded. This law holds true with considerable exactness in 
all cases in which there is a regular and not very rapid 
increase or decrease of the temperature. Under a rising 
temperature any result reduced to 62° Fahrenheit with a con- 
stant coefficient may be relied upon within the limit of 
minus 2 \i, and under a falling temperature within the limit 
of plus 2 yU. 

(f) It is shown that the same results are obtained from 
a series of comparisons in which the comparator is mounted 
in a well-protected comparing-room, and from a series in 
which the comparator is mounted in the open air, provided 
the observations are in both cases made near the point of 
equilibrium of temperature or at an equal number of points 
symmetrically distributed about the point of equilibrium. 

(g) It is shown that substantially identical results are 
obtained from day and from night observations under the 
same conditions, as regards temperature, the illumination of 
the comparing-room being effected by means of an electric 
light suspended outside of the building. It is shown incident- 
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ally that this electric light produces no sensible effect upon 
the indications of the thermometers and none upon the length 
of the standards compared, or, in other words, that it contains 
no sensible radiant heat. 

(h) Finally it is shown that nearly or quite all of the 
abnormal results which have given so much trouble in the 
determinations of absolute lengths are due to the hitherto un- 
recognized effect of the heat radiated from one bar to another 
independently of the temperature of the medium in which they 
are placed, i. e., of the air with which they are surrounded.* 
This radiation is found to be zero at equilibrium, as should be 
expected, and reaches a maximum value of about ± 4^. The ac- 
tion, which takes place when the vertical faces of the bars are 
placed in contact, is immediate, while the action through an in- 
tervening air space requires more time and varies in amount 
with the distance by which they are separated and with the 
masses of the bars compared. The separation of the heat 
radiated between the bars from that communicated independ- 
ently through the air was found to be exceedingly difficult on 
account of the action of a law to which I have been compelled 
to give my assent by nearly or quite all of the experiments of 
the last two years. I state this law provisionally as follows : 

Heat communicated to a bar of metal by any means what- 
ever produces its normal effect independently of the temper- 
ature of the air by which it is surrounded, i. e., the bar will 
receive the same increment of length whether it is at rest or 
in motion, either by expansion or contraction. Moreover, the 
time required for its complete dissipation is the same 
whatever the temperature-condition of the metal. 

The constant action of this law for all cases except for that 
of equilibrium gives rise to two sets of forces acting inde- 
pendently at the same time, sometimes in the same and 
sometimes in opposite directions. These two forces are 

*Clausius, in his Theory of Heat, has treated of the radiation of heat 
between metals, but only from a theoretical point of view. 
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those which result from the variation in the temperature of 
the air, heated or cooled, by any means whatever, and from 
the variation in the effect of the radiant heat stored in the 
bars, depending upon their distance apart. There is still 
another manifestation of radiant heat which adds a third 
force to the two already defined, viz. : that which is com- 
municated to the bars compared by the various masses of 
matter by which they are surrounded, such as the walls of the 
comparing-room, the bed of the comparator, etc., and which 
also (as I am nearly forced to believe) acts independently of 
the temperature of the air in the comparing-room. On 
account of this serious difficulty, which one encounters at 
every step, it has been found possible to demonstrate with 
certainty the existence of the inter-radiant heat here defined 
and to determine its value only for a few simple conditions. 
These are mainly for contact and for the distances i mm, 
1 cm, and 2 cms, but for these conditions the results have 
been verified by stopping the radiant heat by a slat of pine 
wood painted black and placed between the bars compared, 
under a considerable variety of conditions. 

The bearing of the thermal manifestations here estab- 
lished, in explanation of the laws enunciated in my paper of 
last year is very important. For example, the unexpected 
and somewhat surprising result derived from actual observa- 
tion that the near presence of the observer for a considera- 
ble period of time has no sensible effect in producing relative 
changes of length, receives the explanation that both bars 
compared are held in check by the heat stored in the bed of 
the comparator upon which they rest, and by their mutual 
effect upon each other. In this connection it is to be noted 
that the power of this inter-radiant heat to do work in chang- 
ing the length of the bars compared, seems to be much 
greater relatively than that of the heat communicated through 
the air. 

Finally, since previous observers have not, so far as I am 
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aware, paid systematic attention to the relative positions of the 
bars compared, and hence have not taken care to neutralize the 
effect of the heat radiated from one metal to the other it can 
not, at the present time, be asserted that we have a record 
of a single case in which a change of length has been unmis- 
takably proven to have occurred which depends upon the age of 
the metal employed. In fact, it has been found possible to 
obtain any result desired for the relation between the 
lengths of the standards compared within the limits of ± 3 jx 
by varying their distance apart during the comparisons. 
A similar variation was obtained by varying the length of 
time the wooden slat was allowed to remain between the bars. 

Two methods have been employed to eliminate the 
errors introduced through the radiation of heat between 
the standard bars compared during the process of the com- 
parisons. The first depends upon a thermal law which, if 
not exact and universal in its application, at least holds 
true with a degree of approximation which is sufficient for 
all practicable purposes. This law may be stated provision- 
ally as follows : 

In whatever way the temperature of a standard bar may 
be obtained, whether by a thermometer placed horizontally 
upon the upper surface, whether in contact with one verti- 
cal face, whether resting vertically in wells sunk in the bar 
or placed in the interior of the bar, the error introduced in 
the reductions of the comparisons to any assumed tempera- 
ture, e. g. to 62. o° Fahr. under a temperature slowly rising 
at a given rate per unit of time, will be the same in amount 
but with the opposite sign as the error introduced under 
similar conditions under a temperature falling at the same 
rate, whatever the actual temperature of the bar may be, 
provided, the temperature is measured by either one of the 
methods indicated throughout the entire series of compari- 
sons. It is therefore not necessary to secure the same 
temperatures in the two cases, but we can effect the elimina- 
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tion by sets of observations at widely different temperatures. 
For example, if for a set of comparisons made at o° C, the 
deviation from the normal relation is found to be + 2 /j, the 
deviation for a series of comparisons at 30° will be — 2 /j, 
if the rate of change in temperature is the same in the 
two cases. 

It should be stated, however, that the temperatures of 
the secondary standard are in all cases expressed in terms 
of the temperature of the primary bar. It is quite possible 
that this practice cannot be strictly defended on theoret- 
ical grounds, but experience has shown that in the choice 
between the temperatures of the secondary bar as indicated 
by that of the primary, especially if the two bars are in con- 
tact, and that indicated by a thermometer placed upon the 
secondary bar, we must consider whether the control of 
the primary bar over the secondary does not give a closer 
approximation to the real temperature of the secondary than 
that given by a thermometer placed upon it which is subject 
to two forces acting in opposite directions, viz.: the force 
due to the thermal condition of the secondary bar and that 
due to the thermal condition of large masses of matter in 
close proximity to it, especially if, as is the case in my own 
instrument, the greater part of this mass is on one side of 
the bars. In any event the final result will be the same, but 
the separate results of the comparisons will show greater 
discordances when the reductions are made with the indica- 
tions of the two thermometers instead of the indications 
given by the temperature of the primary bar alone. 

Under the second method the elimination is effected by 
combining the results of two series of observations in which 
the bars occupy opposite positions with respect to the body 
of the comparator. In this case the extent to which the 
elimination will be effected does not seem to depend upon 
the particular disposition of the bars, while under the first 
method the extent of the failure of the half sum of the tem- 
perature indications of the thermometer at the surface, and 
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the thermometer at the center of the bar depends largely 
upon how near they are together, and whether the radiant 
heat is prevented from passing from the comparator to the 
bars or from one bar to the other. In general, when the 
reduction to 62°.o is made with the readings of the surface 
thermometer the relation Bronze-mzmts steel becomes too 
small under a rising and too large under a falling tempera- 
ture. In the course of half an hour after the change of 
temperature takes place this relation assumes a nearly con- 
stant value not much exceeding 3^ in any case, which is 
maintained so long as the change of temperature goes on, 
but which is gradually reduced to zero whenever a constant 
temperature is maintained for about four hours. When the 
temperature is taken from the interior thermometer the 
reverse effect takes place. In starting from rest the interior 
thermometer gives the more correct indications ; that is, the 
change in the relative length of the two bars follows this 
thermometer more closely than the surface thermometer. 
Still, the general result will be too small a value under a 
falling temperature and too large a value under a rising 
temperature. Before the next change in temperature takes 
place, however, the indications of the interior thermometer 
become less reliable, although the readings are apparently 
constant, and these erroneous indications will continue for 
a considerable time after the reversal of temperature takes 
place. The appearance of constancy in this case will be the 
cause of erroneous results unless the greatest care is taken 
to eliminate the errors in question. In general, if the com- 
parisons are distributed at equal intervals throughout the 
clay the mean relation obtained by the use of the mean tem- 
perature obtained in the way above described will not 
differ from the normal relation more than 2 jx or 3 /u in any 
given case. 

Experiments relating to the action of the heat radiated 
from one bar to the other are still in progress. According 
to present indications this inter-radiant heat is a secondary 
effect, the primary effect being the unequal radiation from 
the bed of the comparator to the bars compared. 



